Abstract Heat waves trigger substantial social and environmental impacts and even cause massive civilian casualties in extreme cases. Observations show the areas affected by heat waves have increased over China, with the most extreme heat wave occurring during the past five decades. Here we show that both trends can be attributed to anthropogenic influences. We report that under the moderate Representative Concentration Pathways 4.5 scenario, anthropogenic influences will increase the risk of occurrence of the observed maximum Heat Wave Magnitude Index in the late 21st century and will cause a more than tenfold increase in the likelihood of the strongest events on record recurring across more than half China. More than 50% of land area in China is projected to be affected by intense heat waves. Our results show that over eastern China, the extremes in heat distribution are more sensitive to precipitation deficits, indicating stronger heat wave amplification trends to occur under drier conditions. The likelihood of concurrent droughts and heat waves is expected to increase in large parts of China in the late 21st century.
Introduction
A heat wave is generally defined as a prolonged period of excessively hot weather. Recently, many studies have investigated the human contributions to extraordinary and record-breaking heat waves in different regions of the globe. At the global scale, warm spells and heat wave frequency, intensity, and duration have increased [Perkins et al., 2012] . At the regional scale, it is very likely that human influence mainly contributed to the 2003 European heat wave [Stott et al., 2004] , and the 2010 severe heat wave in western Russia [Hauser et al., 2016; Otto et al., 2012; Rahmstorf and Coumou, 2011] . A crucial contributor to the formation of exceptionally high temperatures is land-atmosphere feedback, that is, soil moisture-temperature feedback [Hauser et al., 2016; Sun et al., 2016] . Observational data have provided evidence for a strong relationship between precipitation deficits and extreme temperatures in many regions, especially in Europe [Mueller and Seneviratne, 2013; Quesada et al., 2012] . Soil moisture-temperature feedback was deemed important for the evolution of the 2003 European heat wave [Fischer et al., 2007] , the 2010 severe heat wave in western Russia [Hauser et al., 2016] , and the exceptional 2011 heat wave in Texas [Mueller and Seneviratne, 2013] . A lack of soil moisture may reduce latent cooling, amplifying surface temperature anomalies and increasing the risk of a severe heat wave.
In the context of global warming, positive trends in heat wave indices have been reported since 1990 over the whole of China [You et al., 2016] . To enable climate adaptation and prediction of meteorological disasters, there has been an increase in efforts to attribute heat waves and predict their future likelihood. For example, models participating in the Coupled Model Intercomparison Project Phase 5 (CMIP5) showed that anthropogenic influences caused a more than sixtyfold increase in the likelihood of such events and that the evolution and characteristics of heat waves are correlated with deficits in precipitation [Sun et al., 2014] . The combined effects of anthropogenic and natural forcings could explain the hot spring days in 2014, with human influences a dominant factor [Song et al., 2015] . However, most previous studies focused on a specific event or on regional-averaged temperature. The characteristics of heat waves and their potential drivers are likely to vary from region to region within China because of its complex topography and diverse climate. Furthermore, potential heat-induced damage also varies from region to region because of uneven population distribution and agroecosystem diversity. A more detailed analysis of the occurrence of heat waves in China is therefore necessary. Better understanding of the evolution of heat events in China and their driving factors will help improve prediction and assessment of the impact of heat waves at regional and local scales. Many previous studies focused only on analysis of observed events; however, an understanding the 
Data and Methods

Models and Observations Used
Daily maximum temperatures from 2481 stations across China were collected from the SURF_CLI_CHN_MUL_DAY_V3.0 data set which was downloaded from the China Meteorological Data Sharing Service System (http://cdc.nmic.cn/home.do). The data were subject to strict quality controls and homogenized according to the methods described by Xu et al. [2013] . To maintain data consistency, we used data only from the 1681 stations that had fewer than 0.05% missing values. Missing values were replaced by adjacent values. The data were interpolated to 0.5°× 0.5°using the inverse distance weighting method. Gridded daily precipitation data developed by the National Meteorological Information Center of the China Meteorological Administration were used to evaluate dry/wet conditions and were constructed from over 2400 station observations across China at a resolution of 0.5°× 0.5°. The full data set was subject to strict quality controls according to the methods described by Shen et al. [2010] . We focused on the historical period 1961-2015.
Sixteen runs from seven GCM simulations involved in CMIP5 [Taylor et al., 2012] were used to assess the contribution of human influences to the observed heat waves (Table S1 in the supporting information, available at http://pcmdi9.llnl.gov/esgf-web-fe/). The simulations were first driven by natural forcing only and then by all forcings. The natural-forcing simulations include the natural variability (volcanic and solar activities), whereas the all-forcing simulations include both anthropogenic (well-mixed greenhouse gases, aerosols, ozone, and land use change) and natural forcing (volcanic and solar). Most models simulate natural and greenhouse gas responses only up to 2005, but our analysis period was 1961-2015. We thus used seven models that had historical and natural simulations extending through 2012. To enable comparison with observations, we used heat wave projections from the Representative Concentration Pathways 4.5 (RCP4.5) scenario to extend the time series of all-forcing simulations through 2015. Previous studies have shown that greenhouse gas forcing under the RCP4.5 scenario results in projections most consistent with current values in China [Sun et al., 2014; Yang et al., 2016] . Model projections under the RCP4.5 scenario were also used in this study for the period 2016-2099. To investigate trends in the future risk of heat waves, we used a 55 year moving window in the period 2016-2099, producing a total of thirty 55 year time periods (2016-2060, 2017-2061, 2018-2062, …, 2045-2099) . We estimated heat wave risk index during each 55 year time period and then calculated the rate of change of the risk index at each grid location.
Defining Heat Wave Events
The Heat Wave Magnitude Index (HWMI) was developed by Russo et al.
[2014] to quantify heat wave magnitude by taking the duration and intensity of heat waves into consideration. Russo et al. [2014] provide the details of HWMI Calculation, which is also available in "extRemes" R-package (open-source). The HWMI is defined as the maximum heat wave magnitude for a given year. HWMI values were calculated from the daily maximum temperatures, as follows. First, we defined a heat wave as a sequence of three or more days in which the daily maximum temperature was higher than the 90th percentile of daily maximum temperature, as calculated from a 31 day running window surrounding the day during the baseline period . Then, the maximum magnitude of the heat waves within a year (the HWMI) was determined. We divided the heat waves into different levels on the basis of the HWMI values: normal (1 < HWMI < 2), moderate (2 ≤ HWMI < 3), intense (HWMI ≥ 3).
Attribution Method
We used the fraction of attributable risk (FAR) and a related "risk index" [Stott et al., 2004] to assess the causes of extreme heat. First, a generalized extreme value (GEV) distribution was used to fit the HWMI time series.
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The Kolmogorov-Smirnov (K-S) goodness-of-fit test was used to verify the fit of the distribution. To ascertain the contribution of anthropogenic climate change to risk of heat waves, we compared the probability that the observed maximum heat wave would occur in the all-forcings simulation with the probability that it would occur in the natural-forcing simulation. The equations are
where P all and P nat are the probability that the observed events occur in the all-forcings and natural-forcing simulations, respectively.
We used the standardized precipitation index (SPI) [McKee et al., 1993] as a measure of dry/wet conditions. The SPI quantifies observed precipitation as departures from a model of the raw precipitation data and was estimated for the period 1961-2015 from monthly precipitation data sets. Quantile regression (see supporting information) estimates conditional quantile values at each part of a distribution from a regression as a function of a conditional parameter [Koenker and Hallock, 2001 ] and was applied to estimate the relationship between heat waves and the preceding (or concurrent) SPI.
Results
Detection and Attribution of Heat Waves
Over large parts of China, the strongest heat wave occurred in recent decades ( Figure 1a ). The related heat wave magnitudes reached intense levels, with HWMI values greater than 3 in the lower reaches of the Yangtze River basin, southeastern China, the upper reaches of the Yellow River basin, and southwestern China (Figure 1b) . The HWMI values trend upward in almost all grid locations (84.80%) apart from China's north plain, indicating an increase in the severity of heat waves during this time period. The slightly decreasing trends in China's north plain may be related to the increased precipitation associated with the weakened westerly over East Asia [Zhu et al., 2011] , leading to less extreme heat days [Lu and Chen, 2016; You et al., 2016] . The upward trend is more remarkable in western China than eastern China (Figure 1c ). With climate warming, a greater area of land is suffering more frequent and more severe heat waves. The land area affected by different heat wave levels has enlarged in recent years ( Figure 1d ).
We examined the factors contributing to the unusual heat waves occurring over China. For each grid location, we compared the likelihood of the observed maximum HWMI value occurring in different CMIP5 experiments. Over large parts of China, the risk index (equation (2) is greater than 1 (Figure 2a) , indicating an increased likelihood of strong heat waves when anthropogenic influences are included. For grids located in the Yangtze River basin, the lower and upper reaches of the Yellow River basin, southwestern China, and northwestern China, anthropogenic factors cause a more than twofold increase in the probability of occurrence of a heat wave as intense as the maximum observed HWMI. Attribution studies on the 2013 summer heat in eastern China and the July 2015 record-breaking heat in northwestern China have demonstrated that anthropogenic influences increased the likelihood of these extreme heat events Sun et al., 2014] . As anthropogenic climate change has increased, more and more regions in China have experienced heat waves, especially from the late twentieth century onward (Figure 2b ). More than half of mainland China is now expected to suffer from heat waves when all forcings are included in the simulations. Furthermore, the distribution of simulated maximum HWMI values is shifted to the right in the all-forcings experiment compared with the natural-forcing experiment (Figure 2b, inset) , indicating an increase in the frequency, duration, and intensity of extreme heat waves in China when human factors are included. The contrasting trends in HWMI in the all-forcings and natural-forcing simulations provide more evidence of the likelihood that the HWMI values are affected by human factors in China (Figures 2c and 2d ). The pattern of simulated HWMI trends is similar to the pattern of observed HWMI trends, with upward trends in most regions (Figures 1c and 2c) . However, there are some differences between the observations and the allforcings simulation in northern China, with small downward trends in the observations but upward trends in the model simulations.
The relationship between heat waves and either the SPI from the preceding month or the concurrent SPI are shown in Figure 3 . Large parts of eastern, northern, and southwestern China have a negative correlation 
Geophysical Research Letters
10.1002/2017GL073531
between the maximum HWMI value and the preceding dry/wet conditions (SPI), indicating that heat waves are likely to occur after dry conditions. Data from grid locations with a statistically significant (p < 0.01) correlation between the maximum HWMI value and SPI were used to estimate the slope of the relationship at different quantiles (quantile regression). The slope increases with the quantiles (Figures 3a and 3c) , indicating that the intensity of a heat wave is sensitive to the preceding dry/wet conditions: Stronger heat waves tend to occur after drier conditions. However, there is a positive relationship between HWMI and SPI in northwest China. This arid and semiarid region has become wetter in recent decades probably because of the strengthening of the North America Subtropical High and the West Pacific Subtropical High after the mid-1980s .
Droughts and heat waves can occur simultaneously, intensifying the severity of and damage from each [AghaKouchak et al., 2014; Mazdiyasni and AghaKouchak, 2015; Yang et al., 2017] . Eastern China is more vulnerable to the influence of compound heat waves and droughts, with strong negative correlations between the concurrent SPI and HWMI (Figure 3b ). The slope of the regression between concurrent HWMI and SPI is in the same direction for all quantiles and the slope increases in the higher quantiles (Figure 3d ). Drought conditions are conducive to the occurrence of heat extremes and heat waves reinforce the severity of droughts, thereby increasing the probability of simultaneous occurrence of extreme heat waves and droughts.
Changing Heat Wave Risk Under Future Climate Conditions
Under the RCP4.5 scenario, the land area affected by heat waves is projected to increase during the period 2016-2099 (Figure 4a ). The total area affected by normal and moderate heat waves is projected to decrease, but the area affected by intense heat waves is projected to increase to approximately 50% of total land area in China by the late 21st century. The duration and severity of the most intense heat waves are also projected to 
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increase; the distribution of the maximum HWMI values is shifted to the right under the RCP4.5 scenario, indicating an increased likelihood of extreme (HWMI > 4) and even very extreme (HWMI > 8) heat waves ( Figure 4b ). We estimated how the risk of heat waves changes in the future, under the assumption that future natural variability is stationary. We used thirty 55 year moving windows over the period 2016-2099 to obtain 30 risk factors under the RCP4.5 scenario for each grid location. For each grid location and each 55 year time period, we calculated the risk that there would be a future heat wave as strong as the most intense heat wave observed during the 1961-2015 period. Figure 4c shows that the risk progressively increases with anthropogenic warming in most northern China regions, the lower reaches of Yangtze River basin, and in various grid locations scattered in southwestern China, even though radiative forcing in the scenario starts to level off after the 2060s. In these regions, anthropogenic influences are projected to cause a more than tenfold increase in the likelihood of the current on-record maximum heat wave recurring during the 2045-2099 period under the RCP4.5 emissions scenario (Figure 4d) . Overall, the risk of future heat waves is much stronger for northern China than for southern China, which reflects the different future warming rates in the north and the south.
The interaction between the occurrence of heat waves and droughts is important both for prediction and for disaster evaluation. Understanding the heat wave risk requires knowledge of this interaction. We project an increase in the frequency with which heat waves rapidly follow droughts in eastern China (Figure 5a ). Understanding the relationship between heat waves and droughts is conducive to the prevention of heat waves. The risk of compound warm and dry events is higher in eastern China than in northwestern China. The likelihood of concurrent extreme events is expected to increase in large parts of China, with a higher frequency of concurrent droughts and heat waves in the 2045-2099 period compared with the 2016-2070 period.
Discussion and Conclusions
Here we present a heat wave detection and attribution analysis for the period 1961-2015 in China. Using high-density observations, we found that the areas affected by heat waves have increased in recent 
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decades and that for large regions of the country, the maximum heat wave occurred during the most recent decades. Southwestern China, the lower and middle reaches of the Yangtze River basin, and northwestern China have all suffered from record-breaking heat since 2011, which may in part be due to climate warming. Model simulations based on different forcings show that the patterns of change in the observations were most similar to those in the model when anthropogenic influences were included. Under the moderate RCP4.5 scenario, anthropogenic influences increase the risk of occurrence of the observed maximum HWMI in the late 21st century. Across more than half of China, anthropogenic forcings cause a more than tenfold increase in the likelihood of the strongest events on record recurring. In the future, heat waves that are unusual under the present climate conditions will occur on a regular basis and heat waves of greater severity and longer duration are projected to occur more frequently and in more regions. With both the frequency and severity of heat waves on an upward trajectory, the damaging effects of extreme heat waves in China will become more apparent over the next few decades. For instance, in eastern China, the risks associated with increased exposure to extreme heat are compounded by the large human population in that region [Jones et al., 2015] . Furthermore, the elderly and the ill are more susceptible to the effects of extreme heat [Schär, 2015] . With an increasing and aging population, the threat to human health from heat waves in the current century may be more severe than previously thought; thus, efforts to mitigate the effects of heat waves are essential for the inhabitants of China.
The dry/wet conditions preceding heat waves are a factor in heat wave evolution and severity in many areas of the world [Meng and Shen, 2014; Miralles et al., 2014; Quesada et al., 2012] . We identified a negative relationship between heat waves and the preceding and concurrent dry/wet conditions in large parts of eastern China, with SPI having an asymmetrical impact on heat. The negative slopes in the quantile regression gradually increased with the quantile, indicating that the high tail of the heat distribution is more sensitive to precipitation deficits: Stronger heat wave amplification tends to follow drier conditions [Quesada et al., 2012] . The index of precipitation deficits is generally regarded as an indication of soil moisture deficits [Mueller and Seneviratne, 2013] . Previous studies have suggested that the effects of soil moisture on nearsurface climate are related to changes in temperature: Whenever soil moisture limits the total energy for latent heat flux, more energy is available for sensible heating, inducing an increase in near-surface air temperatures that can lead to extreme temperatures and heat waves [Seneviratne et al., 2010] . The associated soil moisture memory is important initial information and should enable more accurate predictions of extreme temperatures. However, the soil moisture-temperature interactions are complex and vary on spatial and temporal scales, so increased monitoring and model simulations are required to map out their relationship in different climate zones. In the future, droughts and heat waves are projected to occur simultaneously more often and reinforce each other over eastern China. The compound effects from simultaneous heat waves and droughts induce enormous losses in ecological and social systems. Extreme high temperatures and low precipitation reduce water availability and pose a great threat to agriculture and human health as well as an increased risk of wildfires. In a warming climate, the probability of concurrent events is projected to increase over large parts of China except in the northwest regions. A multivariate risk assessment is therefore required to develop suitable adaptation measures. 
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The occurrence of record-breaking heat can be mainly attributed to anthropogenic influences, heat wave severity is affected by land-atmosphere feedback, and the risk of longer, stronger heat waves that occur concurrently with other climate extremes is increased under the RCP4.5 future emissions scenario. However, heat wave evolution and variability is also related to natural variability including changes in climatic oscillations, volcanic activities, and sea temperatures. These potential drivers can also change and evolve over time and alter the risk of future heatwaves. Taking climate indices as covariates or using sensitivity experiments based on model simulations can shed light on the effects of changes in natural variability and the corresponding impacts on occurrence and severity of future heatwaves. In this study, the severity of heat wave shows some grid dependence, which may be related to the local factors, such as the urbanization, topography, and land use change. Occurrence of heat waves and their future changes under multiple compounding drivers deserves more research in the future.
